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Agricultural intensification has significantly increased yields and fed growing 25 
populations across the planet, but has also led to considerable environmental degradation. In 26 
response an alternative process of ‘Sustainable Intensification’ (SI), whereby food production 27 
increases while environmental impacts are reduced, has been advocated as necessary, if not 28 
sufficient, for delivering food and environmental security. However, the extent to which SI 29 
has begun, the main drivers of SI, and the degree to which degradation is simply ‘offshored’ 30 
are uncertain. In this study we assess agroecosystem services in England and two contrasting 31 
sub-regions, majority-arable Eastern England and majority-pastoral South-Western England, 32 
since 1950 by analysing ecosystem service metrics and developing a simple system dynamics 33 
model. We find that rapid agricultural intensification drove significant environmental 34 
degradation in England in the early 1980s, but that most ecosystem services except farmland 35 
biodiversity began to recover after 2000, primarily due to reduced livestock and fertiliser 36 
usage decoupling from high yields. This partially follows the trajectory of an Environmental 37 
Kuznets Curve, with yields and GDP growth decoupling from environmental degradation 38 
above ~£17000 per capita per annum. Together, these trends suggest that SI has begun in 39 
England. However, the lack of recovery in farmland biodiversity, and the reduction in UK 40 
food self-sufficiency resulting in some agricultural impacts being ‘offshored’, represent major 41 
negative trade-offs. Maintaining yields and restoring biodiversity while also addressing 42 
climate change, offshored degradation, and post-Brexit subsidy changes will require 43 
significant further SI in the future. 44 
 45 
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3 
1. Introduction 49 
Agriculture is already one of the leading drivers of environmental degradation around 50 
the world (Rockström et al., 2017, 2009; Steffen et al., 2015; Tilman et al., 2001; Vitousek et 51 
al., 1997), yet global demand for food is forecast to continue to increase as the world’s 52 
population grows to around 11 billion by the end of the 21st Century (UN Population 53 
Division, 2017). Sustainable Intensification (SI), whereby more food is produced per unit area 54 
but with a smaller environmental footprint, is a necessary (albeit not sufficient) means of 55 
tackling this challenge (Baulcombe et al., 2009; Firbank et al., 2013b; Garnett et al., 2013; 56 
Godfray and Garnett, 2014; Mahon et al., 2017; Poppy et al., 2014b, 2014a; Pretty, 1997; 57 
Thiaw et al., 2011; Tilman et al., 2011). SI implies a reduction in environmental degradation 58 
while food production continues to increase as a result of resource use decoupling from 59 
production. This process is likely to generate a type of Environmental Kuznets Curve (EKC) – 60 
with degradation peaking and then declining beyond a certain level of prosperity (Grossman 61 
and Krueger, 1995) – for those ecosystem services considered important for keeping regional 62 
socio-ecological systems within a safe operating space (Dearing et al., 2014). It has been 63 
claimed that at least some individual British farmers have achieved SI in recent years (Firbank 64 
et al., 2013b). Here we ask whether ecosystem services associated with UK agriculture at the 65 
regional scale are displaying SI or EKC behaviour, and what this means in terms of its 66 
sustainability. 67 
Our approach is to identify trends of environmental degradation, ecosystem services, 68 
and socioeconomic factors linked to farming based on a wide range of regional agricultural 69 
and environmental data, prior to performing multivariate data analysis and developing a 70 
simple system dynamics model of the agricultural socio-ecological system. We use the 71 
Ecosystem Services framework, in which natural processes are conceptualised as providing 72 
services that benefit human wellbeing (Carpenter et al., 2009; Millennium Ecosystem 73 
Assessment, 2005). These in turn can be split into regulating (e.g. water quality, soil stability), 74 
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provisioning (directly harvested, e.g. food, water, timber), and cultural (e.g. recreation, 75 
aesthetics) services. Also, under the Natural Capital framework, the metrics we quantify can 76 
be thought of as the condition of ‘Assets’ from which services are derived (Natural Capital 77 
Committee, 2017). We follow (Zhang et al., 2015), who used time-series of social, economic, 78 
and ecological conditions from the Lower Yangtze River Basin to develop aggregated indices 79 
of provisioning and regulating ecosystem services during the 20th Century. Regulating and 80 
cultural ecosystem services in this example included soil stability, biodiversity, air quality, 81 
sediment regulation, and sediment quality deduced from limnological records in the region 82 
(Dearing et al., 2012), while the yield of various different crops were used to represent 83 
provisioning ecosystem services, and records of parameters such as population growth and 84 
GDP used to indicate the socioeconomic aspects of the agroecosystem. For this part of China, 85 
there were clear negative trade-offs between increasing provisioning and declining regulating 86 
services with no strong evidence for decoupling between economic growth and environmental 87 
degradation as implied by the later stages of the EKC (Dearing et al., 2014, 2012; Zhang et 88 
al., 2015). Thus, the methodology of developing a wide range of ecosystem service metrics 89 
and performing multivariate data analysis offers an effective means of assessing the degree of 90 
sustainability of SI within an agroecosystem. 91 
The UK experienced strong intensification in both arable and pastoral lowland 92 
agriculture after the 1960s during the second half of the 20th Century (Chamberlain et al., 93 
2000; Firbank et al., 2008), while many ecosystem services became degraded, including 94 
farmland biodiversity, river water quality, and atmospheric emissions (Firbank et al., 2011). 95 
More recently, food production has tended to plateau, while some of the environmental 96 
degradation has been reduced (Firbank et al., 2011, 2013a, 2013b), even though overall UK 97 
economic growth has continued. Previous studies of SI in the UK have assessed ecosystem 98 
service trends and trade-offs on a national scale (Firbank et al., 2011, 2013a) and on a farm 99 
scale (Firbank et al., 2013b), but have not included testing for an EKC, multivariate data 100 
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analysis, or model development. 101 
In this study we have identified and assembled empirical time-series that summarise 102 
the post-1950 social, environmental, and economic performance of English agriculture in 103 
terms that can be related to the concepts of ecosystem services and the safe operating space 104 
for agroecosystems (Dearing et al., 2014). As well as analysing England as a whole, two sub-105 
regions of England were selected to focus on differing farming systems: Eastern England for 106 
lowland arable agriculture and South-Western England for lowland pastoral agriculture 107 
(Morton et al., 2011). The objectives are: 1) to compare the trends in the English 108 
agroecosystem and two contrasting sub-regions since 1950 and identify their inter-109 
relationships and possible drivers; 2) to test for the presence of an EKC between 110 
environmental degradation and economic growth compared with yields; and 3) to develop a 111 
simple system dynamics model of the English agroecosystem to identify potential means to 112 
influence the system towards a more resilient and sustainable state. 113 
2. Material and Methods 114 
2.1. Data Sources and Processing 115 
We searched for datasets from publically available sources that represented key 116 
agroecosystem services, including provisioning, regulating, and cultural services as well as 117 
socioeconomic performance. Annual data on the structure and economics of English 118 
agriculture were taken from the UK Department for Environment, Food, and Rural Affairs 119 
(DEFRA); environmental data were taken from sources such as the Environment Agency and 120 
limnological records; and socioeconomic data were taken from sources including the Office 121 
of National Statistics (Table 1). We sought the longest possible records available at an annual 122 
resolution, and used linear interpolation (Matlab, interp1 (The MathWorks Inc., 2016)) where 123 
necessary to cover data gaps. The acquired datasets were standardised as Z-score time-series 124 
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in order to characterise relative changes rather than absolute changes over time (Figure 1). 125 
Aggregated indices for River Nutrient Contamination (mean nitrate and phosphate 126 
concentrations), Environmental Degradation Index (EDI: the mean of river nutrient 127 
contamination, atmospheric non-greenhouse emissions, estimated soil erosion, and farmland 128 
bird index), Livestock Outputs (total meat and dairy products, excluding poultry), and an 129 
Estimated Soil Erosion Index (the difference between riverine suspended solids and biological 130 
oxygen demand) are calculated from average standardised values in order to give an overview 131 
of the behaviour of related variables. Phase plots were used to further explore the 132 
relationships between key variables and indices over time (Figure 2 & Figure 3). Detrended 133 
correspondence analysis (DCA; R, vegan, decorana (Oksanen et al., 2017; R Foundation for 134 
Statistical Computing, 2016)) and principal component analysis (PCA; R, prcomp) were also 135 
used to further investigate long-term trends in the data (Supplementary Figures S8 & S9, 136 
Section S6 for R commands). Following this, 17 key parameters for the English 137 
agroecosystem were used for correlation analysis (Table 2 & Supplementary Figure S10; R, 138 
PerformanceAnalytics, chart.Correlation (Peterson and Carl, 2014)) in order to identify, 139 
quantify, and categorise significant correlations. From this we use expert judgment and the 140 
literature to identify correlations that are hypothetically causal for use in the conceptual model 141 
(Figure 4 & Figure 5). Additional plots for climatic data, agricultural areas, and regional 142 
analyses repeated for Eastern and South-Western England are presented in the Supplementary 143 
Material (Figures S1-S7, S11-S18). 144 
2.2. Data Limitations 145 
Regional analysis of the data is limited by both spatial and temporal resolution, and the 146 
mixture of regional and national-scale data available. The length of the aggregated EDI is 147 
limited by the unavailability of many datasets before ~1980. Data for farm subsidies, farm 148 
income, intermediate consumption, atmospheric emissions, and farmland biodiversity are 149 
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currently only available either for England or the UK as a whole, and so for the regional 150 
analyses national-level data were used for these variables alongside regional-level data where 151 
available (see Table 1 and Supplementary Material for details of the spatiotemporal data 152 
coverage for each variable). We found insufficient data to quantify other key ecosystem 153 
services such as climate regulation, freshwater extraction, pest regulation, disease regulation, 154 
and pollination over the whole 1980-2013 period, and so these were not included in our 155 
analyses (Millennium Ecosystem Assessment, 2005). 156 
Sediment regulation and soil erosion were difficult to constrain from the available 157 
hydrological and limnological records and no long-term high-resolution regional/national 158 
records of soil erosion are available, with most soil erosion studies providing spatial rather 159 
than temporal comparisons (e.g. Boardman, 2013). It was therefore necessary to extrapolate 160 
the suspended sediment in key rivers from the difference in Z-scores between suspended 161 
solids and algae population (the latter by using biological oxygen demand as a proxy). 162 
Although this provided a usable soil erosion metric, a direct metric of suspended sediment 163 
and/or sediment accumulation from lakes and rivers in large catchments in both regions would 164 
provide a more accurate and regionally representative record of sediment regulation. As a 165 
result we interpret extrapolated soil erosion trends cautiously. The agricultural atmospheric 166 
emissions data is based on modelling from known emission sources, and so is inherently 167 
linked to livestock and fertiliser data. This will upwardly bias the correlation between these 168 
variables, but there is high confidence in the veracity of this relationship (Salisbury et al., 169 
2015). 170 
We use the England Farmland Bird Index (FBI) (DEFRA, 2016a) as a proxy indicator 171 
for wider farmland biodiversity and abundance as it is the longest-running and highest-spatial 172 
resolution farmland-specific ecosystem index available. It closely resembles the overall trend 173 
of the UK Priority Species Abundance where the datasets overlap, and as many specialist 174 
farmland birds have an insectivorous diet their abundance is likely to be closely linked to 175 
8 
insect availability and diversity (Benton et al., 2002; Fuller, 2000; Maron and Lill, 2005; 176 
Razeng and Watson, 2015, 2010). Other recent reports (Hayhow et al., 2016; Mathews et al., 177 
2018) emphasise the wider declines in the abundances of farmland plants, vertebrates and 178 
invertebrates since the 1970s and 1990s. This means that the FBI is therefore only an indirect 179 
proxy for wider agroecosystem biodiversity, and a more comprehensive index or direct 180 
measurements may reveal differing trends (Lindenmayer and Likens, 2011). Woodland birds 181 
could also be included in the biodiversity index as part of the wider agriculture-dominated 182 
landscape, but here we exclude them in order to focus on only the species most directly 183 
impacted by agricultural processes. 184 
We regard EDI as reflecting both regulating and cultural ecosystem services, with 185 
farmland biodiversity influencing wider ecosystem resilience as well as being of high societal 186 
value and pollution viewed negatively by society as well as affecting ecosystem regulation 187 
(Loos et al., 2014; Mace et al., 2012; MacFadyen et al., 2009; Srivastava and Vellend, 2005). 188 
However, EDI does not reflect all regulating services, with insufficient data for the whole 189 
1980-2013 period to include factors such as carbon emissions, soil organic carbon, water use, 190 
and pest regulation, while the biodiversity and soil erosion indices used in the EDI are also 191 
limited. Each source index for the EDI is also weighted equally, which may not reflect the 192 
differing importance of each for agroecosystem resilience but in the absence of further 193 
information equal weighting avoids prejudicing the index without an empirical basis. Strong 194 
trends in one sub-index may also mask important trends in another sub-index and give a 195 
misleading overall picture. Further work is needed to characterise the relative importance of 196 
the metrics of each ecosystem service to overall environmental degradation, and to fill in the 197 
data gaps where no long-term ecosystem service metric is currently possible. 198 
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3. Data Analysis 199 
3.1. English Agroecosystem Trends 200 
Our results clearly illustrate the process of agricultural intensification in the English 201 
agroecosystem during the 1980s and 1990s coupled to contemporaneous degradation in 202 
ecosystem services, with a subsequent partial environmental recovery after the late 1990s that 203 
suggests the commencement of SI (Figure 1 & Table 2; Supplementary Figure S10). Rising 204 
wheat yields (and acreage, Supplementary Figure S5) are linked to increasing fertiliser usage 205 
up until ~1984, which is driven by the introduction of new cultivars in the 1970s that could 206 
utilise higher nitrogen applications (Hawkesford, 2014), along with mechanisation and 207 
increased pesticide use (Firbank et al., 2011). Fertiliser use also increased on lowland 208 
grasslands (DEFRA, 2014a). However, high fertiliser usage is strongly correlated with high 209 
riverine nutrient contamination and atmospheric emissions due to the runoff, denitrification, 210 
volatilisation, and leaching of fertilisers after application. Increasing livestock output and 211 
population is also correlated to river nutrient contamination and atmospheric emissions 212 
through effluent runoff and enteric emissions. Together with sharp declines in farmland birds, 213 
which in our data is negatively correlated with yields and temperature, the aggregated EDI 214 
increased through to the mid-1990s.  215 
The subsequent recovery in EDI is driven by the decoupling of fertiliser usage and 216 
yield, with wheat yields stable after 1984 despite a significant decline in fertiliser usage (in 217 
particular of phosphate in arable areas) (Figure 3). This reflects improved farming practice in 218 
the targeted application of fertiliser in response to new regulations such as the introduction of 219 
Nitrate Vulnerable Zones in 1998-2002, knowledge exchange with academic and advisory 220 
bodies (such as the Agriculture and Horticulture Development Board), and increasing 221 
fertiliser prices (Firbank et al., 2011), as well as a reduction in cattle numbers and increased 222 
manuring efficiency specifically reducing nitrate application on grassland (DEFRA, 2014a). 223 
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Consequently, there is a reduction in the contamination of rivers by fertiliser runoff and a 224 
decline in atmospheric emissions, aided by the rapid drop in livestock numbers in the 2000s 225 
(partially due to the 2001 foot-and-mouth disease outbreak and subsidy reform) and the 226 
banning of field burning in 1993. Stagnating yields have been linked to the growing impact of 227 
climate extremes and changes in rotation practices (Brisson et al., 2010; Knight et al., 2012).  228 
In contrast to the improvements in river and atmospheric pollution, farmland 229 
biodiversity failed to recover after the initial rapid decline in the early 1980s despite 230 
improvements in river nutrient contamination and atmospheric emissions. This suggests that 231 
the drivers of farmland biodiversity decline are different from the drivers of river nutrient 232 
contamination and atmospheric emissions, and have been hypothesised to be linked to factors 233 
such as sowing timing, grassland improvement, habitat diversity, and livestock stocking 234 
density (Benton et al., 2003; Butler et al., 2007; Chamberlain et al., 2000; Firbank et al., 2008; 235 
Fuller, 2000; Krebs et al., 1999; Newton, 2004). A gradual increase in ‘land sparing’ in 236 
England since 1950 (Supplementary Figure S5), potentially linked to intensification on 237 
productive land making marginal land less economically viable and therefore more suitable 238 
for ‘sparing’ for conservation purposes (Balmford et al., 2015, 2005; Ewers et al., 2009; 239 
Green et al., 2005; Phalan et al., 2016), has not compensated for overall farmland biodiversity 240 
decline. This may be due to sparing mostly taking place from rough grazing land in upland 241 
regions and low-yielding common land rather than from more intensive arable or pastoral 242 
lowland areas, and so has not directly benefited the wildlife specifically dependent on the 243 
latter for which the FBI acts as a proxy for. However, the expansion of agri-environment 244 
schemes such as set-aside land in the early 1990s and environmental stewardship after set-245 
aside was discontinued in 2005 does coincide with a reduced rate of decline in the FBI 246 
(DEFRA, 2015a). Farmland biodiversity is a key ecosystem service in the wider 247 
agroecosystem, and its continued decline undermines the overall SI trend (Baulcombe et al., 248 
2009; Mace et al., 2012; Thiaw et al., 2011). This implies that despite some improvements the 249 
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English agroecosystem has not yet reached a safe operating space, and that novel approaches 250 
to halting and reversing farmland biodiversity loss are required that are not included in the 251 
current SI process. In contrast to the other indices, the extrapolated Soil Erosion Index shows 252 
no discernible trend and only correlates with average yearly rainfall in the regional indices. 253 
Socioeconomic trends for the English agroecosystem tend to not correlate with as 254 
many variables as the biophysical variables in the correlation analysis (Table 2). Wheat yield 255 
is strongly correlated with farm subsidies, which reflects increased direct subsidies to farmers 256 
after 1992 coinciding with elevated yields, and does not imply causation. High farm income 257 
and fertiliser usage correlate with higher intermediate consumption (i.e. total farm spending), 258 
and high food prices correlate with lower livestock outputs. Total farm income appears to 259 
partially follow trends in both Food Price Index and farm subsidies (Figure 1) but is not 260 
significantly correlated with either. Despite a general increase in total farm income from a 261 
minimum in 2000, by the end of our study period ~46% of UK farms failed to recover their 262 
costs in that year and therefore remain heavily dependent on subsidies (DEFRA, 2015b). This 263 
reliance on EU subsidies results in income fluctuations following the sterling-euro exchange 264 
rate (e.g. the drop in subsidies in 2014 (DEFRA, 2015b)) and could lead to major changes in 265 
income during and following the UK’s withdrawal from the EU (‘Brexit’). As a result, future 266 
SI needs to incorporate the changing role of subsidies and ensure the financial security of 267 
farmers. No directly causative correlations were found with farm labour headcount, with 268 
continuously declining employment strongly anti-correlating with GDP per capita growth. 269 
This decline reflects continued agricultural modernisation and mechanisation, with growing 270 
national wealth associated with a peak and then a decline in the proportion of UK GDP and 271 
labour force involved in agriculture. 272 
These trends are also supported by both the DCA (Supplementary Figure S8) and PCA 273 
(Supplementary Figure S9) results. Most of the data variance lies in the first axis (DCA1: 274 
eigenvalue of 0.2278, axis length of 1.5235; PC1: ~54% of variance) and shows a shift from 275 
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an initial state associated with lower yields, high inputs (including labour and fertiliser), high 276 
river/atmosphere pollution (linked to inputs, e.g. high fertiliser use, and livestock), higher 277 
income, lower subsidies and food prices, to a new state with higher yields, lower inputs and 278 
river/atmosphere pollution, lower farm employment and income, and higher subsidies and 279 
food prices. We interpret this as primarily reflecting both the modernisation and 280 
commencement of sustainable intensification of English agriculture during the study time-281 
period. There are also contributions to DCA1 and PC1 from increasing population, increasing 282 
temperatures, and the continual deterioration of farmland biodiversity. DCA2 and PC2 283 
explains much less of the data variance (DCA2: eigenvalue of 0.03905, axis length of 284 
0.81272; PC2: ~16% of variance) and have differing contributions from each variable with no 285 
obvious overall interpretation. DCA2 is notable though for the strong opposition of river 286 
nutrient contamination versus rainfall and soil erosion, which could potentially arise from 287 
high rainfall years being associated with diluted contamination but higher soil erosion. 288 
3.2. Regional Differences 289 
Regional Z-score time-series, PCA, DCA, and correlation analyses show that the 290 
trends and correlations of the key variables of the Eastern England and South-Western 291 
England agroecosystems are mostly similar to the all-England analyses, but that there are 292 
some differences. In contrast to the all-England analysis, in our extrapolated soil erosion 293 
index arable Eastern England experiences relatively high soil erosion rates during the 1980s 294 
and early 1990s followed by a decline, while pastoral South-Western England appears to have 295 
had overall increasing soil erosion rates since the early 1990s (Supplementary Figures S11 & 296 
S15). Eastern England also experiences an earlier and higher peak in environmental 297 
degradation before subsequently showing a stronger recovery than the rest of England, and 298 
rainfall trends also do not correlate as well with other variables in Eastern England 299 
(Supplementary Figures S14 & S18). Regional PCA and DCA results are mostly similar to the 300 
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all-England PCA results, with PC1 containing similar trends and accounting for ~62% and 301 
~54% of the data variance in Eastern and South-Western England respectively, and PC2 302 
explaining an additional ~14% and ~16% respectively (Supplementary Figures S12-S13 & 303 
S16-S17). However, in Eastern England soil erosion increases with positive PC1 values 304 
reflecting the gradual reduction in soil erosion over time in contrast to all-England, and PC2 305 
also reflects higher rainfall and temperature along with higher atmospheric emissions, wheat 306 
yield, and soil erosion in the negative direction. Eastern England differs more from all-307 
England than South-Western England in all analyses, which along with the rainfall and soil 308 
erosion trends we suggest is because most of England more closely resembles the mixed and 309 
pastoral farming of South-Western England with higher rainfall and more variable topography 310 
(falling in the larger Celtic broadleaf forest WWF ecoregion) than the intensive arable 311 
agriculture concentrated in drier and lower-lying Eastern England (mostly falling in the 312 
smaller English lowland beech forest WWF ecoregion) (Morton et al., 2011; Olson et al., 313 
2001). Eastern England’s earlier and higher peak in environmental degradation implies the 314 
rapid intensification of arable agriculture in this region had stronger impacts than in South-315 
Western England, but that these impacts have now mostly abated. However, our analysis does 316 
not include more novel impacts of intensive agriculture, such as recent evidence of potentially 317 
harmful levels of riverine neonicotinoid (a controversial insecticide) contamination clustered 318 
in Eastern England (Shardlow, 2017). 319 
4. Environmental Kuznets Curves and Degradation ‘Offshoring’ 320 
Environmental degradation appears to follow the trajectory of an EKC in both the 321 
whole English agroecosystem as well as in both Eastern and South-Western England. Both 322 
wheat yield and degradation increase up to UK GDP per capita per annum of ~£17000 before 323 
degradation declines with further increases in GDP while wheat yields stabilise (although 324 
livestock declines as a result of the 2001 foot-and-mouth outbreak, see Section 3.2) (Figure 325 
14 
2). As a result, environmental degradation in the English agroecosystem partially follows a 326 
classic EKC trajectory (Dinda, 2004), with soil, air, and water degradation (but not 327 
biodiversity) rising with economic development before declining past a critical threshold as 328 
more efficient technologies and practice (e.g. one-pass systems, new crop varieties, integrated 329 
pest management (Baulcombe et al., 2009)) and environmental regulation (e.g. Nitrate 330 
Vulnerable Zones) are established. The gap between falling environmental degradation and 331 
stable yields relative to GDP (Figure 2) provides clear evidence that some degree of SI has 332 
taken place, as yields have been maintained with a smaller environmental footprint whilst 333 
overall prosperity has continued to grow. However, this overall trend is not reflected by 334 
farmland biodiversity, which continues to decline despite economic growth and so displays no 335 
Kuznets Curve behaviour itself. SI tends to be associated with greater resource use efficiency, 336 
which can generate a cleaner environment but not necessarily a more biodiverse one (Firbank, 337 
2005). Additionally, having increased to a peak in the early 1980s with intensification since 338 
the mid-1990s UK agricultural self-sufficiency has declined from ~74% to ~60% for all food 339 
(or ~85% to below 75% for just indigenous-type food) (DEFRA, 2016b), indicating that some 340 
of the UK’s agricultural impact has effectively been offshored to other agroecosystems as a 341 
result of globalisation (Figure 1 & Supplementary Figure S6). This implies that environmental 342 
degradation may not have declined so much or at all if the UK had maintained or increased 343 
self-sufficiency in food production between 1980 and 2013. Together with poor biodiversity 344 
trends, this indicates that only partial SI has been achieved in the UK in this time, and that in 345 
order to reach both regional and global safe operating spaces for agroecosystems future SI 346 
will need to both halt biodiversity loss and ensure damaging practices are not simply 347 
offshored to poorer countries with weaker regulations. On the regional scale, degradation in 348 
South-Western England matches the trajectory of all-England fairly closely (despite an 349 
apparent resurgence in EDI in 2006 due to anomalously and potentially unreliably high 350 
extrapolated soil erosion in the River Exe), whereas environmental degradation in Eastern 351 
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England occurs more rapidly and then subsequently improves by a greater degree than South-352 
Western or all-England. This further illustrates the greater and more rapid impact on the 353 
environment of arable intensification versus the intensification of mixed or pastoral farming 354 
elsewhere. 355 
5. Conceptual Modelling 356 
5.1. Model Development 357 
Following the data analysis we developed a simple system dynamics model using the 358 
Vensim PLE platform (Ventana Systems Inc., 2015) in order to further evaluate our 359 
understanding of the relationships within the English agroecosystem and the impacts of the 360 
changing nature of intensification between 1980 and 2013. Simple system dynamics models 361 
are a useful way to rapidly explore our understanding of a dynamical system using relative 362 
trends rather than absolute quantities (e.g. Meadows, 2008; Meadows et al., 1972). We 363 
restricted the relationships in the model to those that are both: a) commonly proposed as 364 
causative in the literature and from expert judgement, and b) showed statistically significant 365 
correlations in our dataset (Table 2 & Supplementary Figure S10), in order to exclude 366 
spurious correlations. We use simple linear relationships and approximated trends of fertiliser 367 
usage, livestock population, temperature, rainfall, farm subsidy, and farm income in order to 368 
drive changes in farm biodiversity, yield, atmospheric emissions, soil erosion, river nutrient 369 
contamination, and input spending for the 1980-2013 period (Figure 4). Each variable 370 
changes according to the averaged changes of its input variables – for example, changes in 371 
River Nutrient Contamination are the average of the changes in Fertiliser Usage, Livestock, 372 
and Rainfall – and assumes equal weighting for each input. This assumption is likely to be 373 
inaccurate as some factors will be more important than others, but in the absence of further 374 
information we assign equal weightings as a starting point. There are several factors missing 375 
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from this model which we exclude due to a lack of full datasets or direct correlations, such as 376 
level of mechanisation and food prices. There are no closed loops in this model, and so no 377 
feedback loops are expected to operate. 378 
The model successfully recreates the trends in the non-driver variables for this time 379 
period (Figure 1 & Figure 4), with yield increasing and then plateauing, farm biodiversity 380 
declining and then plateauing, both river nutrient contamination and atmospheric emissions 381 
peaking and then declining as fertiliser use and livestock populations peak, soil erosion 382 
staying fairly level in the long-term, and input spending dropping in the 1990s. Yield is 383 
dependent on a normative ‘Sustainable Intensification’ variable that we introduce, which has 384 
to constantly increase in order to offset the impact of declining fertiliser usage. In this context 385 
SI represents improved fertiliser application practices and other improvements in crop 386 
management, but is not represented by a direct data proxy in our analysis and so has an 387 
imposed linear increase over time. Removing this SI variable results in yield peaking and then 388 
declining in line with fertiliser usage. 389 
5.2. Future Projections 390 
In order to use the system dynamics model for future scenario exploration further 391 
hypothetical relationships that are likely to play a role in affecting future trends are added to 392 
the model (shown by the red arrows and variables in Figure 5 and based on the possibly 393 
linked causal relationships in Table 2) and projected trends for model drivers imposed, 394 
including consistently increasing temperature, an erratic rainfall trend, stable subsidies 395 
(uncertain in a post-Brexit context), and stable but high food prices (Figure 5). While mean 396 
annual temperature and yield are positively correlated in our data between 1980 and 2013, it 397 
is likely that further temperature increases will begin to reverse this correlation in the future 398 
and so we model further temperature increases to have net negative impacts on yields. We 399 
have also introduced estimated variables such as mechanisation for which full datasets were 400 
17 
not available, for which we have estimated their past long-term trends. Based on this we 401 
explore several future scenarios featuring different responses to exogenous forcing such as 402 
increasing temperature and increasing variance in rainfall (Figure 5).  403 
In the ‘Continual SI’ scenario we allow SI to improve at a constant rate (increasing by 404 
a further 112% more than the 1980-2013 improvement), which counteracts the negative 405 
impact of increasing temperature, stabilises biodiversity loss, and reduces soil erosion despite 406 
consistent levels of mechanisation. If SI is instead kept fixed at 2013 levels until 2050 (‘No 407 
Further SI’ scenario), yields begin to fall and improvements are not observed after 2013 in the 408 
latter variables. In order to allow biodiversity to gradually recover while yield remains stable 409 
(‘Biodiverse SI’ scenario) it is necessary to reduce mechanisation and pesticide use to ~73% 410 
and ~20% below 2013 levels respectively while significantly increasing SI (to 200% more 411 
than the 1980-2013 improvement). Increasing yield beyond current levels rather than allowing 412 
it to plateau indefinitely (‘Maximise Yield’ scenario) requires some combination of this 413 
accelerated SI and increased mechanisation (by 75%), fertiliser usage (to previous peak), or 414 
pesticide use (to previous peak), but increasing these latter variables also reverses the 415 
recovery in fertiliser pollution and forces biodiversity into dangerous decline. Allowing a 416 
gradual recovery in livestock population to previous peak levels in conjunction with 417 
‘Continual SI’ (‘Livestock Intensification’ scenario) results in partial reversals to the 418 
recoveries in atmospheric emissions and river nutrient contamination, although neither 419 
reaches the levels seen in the 1980s unless fertiliser use also increases.  420 
These results suggest that it is difficult to both increase yield or livestock population 421 
and limit environmental degradation and further biodiversity decline without continual and 422 
significant improvements in SI. However, the SI variable is a significant simplification of a 423 
complex set of decisions, processes, and impacts surrounding farming practice with no upper 424 
limits, and it cannot be assumed that SI can consistently increase in order to offset other 425 
negative pressures on yield and biodiversity. Further work to better understand these 426 
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dynamics is needed.  427 
6. Conclusions 428 
In this study we use publicly available data to construct metrics assessing the impact 429 
of agricultural intensification on environmental degradation in the English agroecosystem and 430 
use a simple system dynamics model to analyse future scenarios. From these analyses it is 431 
clear that agricultural intensification drove increased environmental degradation in England 432 
during the 1980s. In the 1990s fertiliser and pesticide usage decoupled from high yields with a 433 
reversal in the degradation of several ecosystem services (e.g. river nutrient contamination 434 
and atmospheric emissions), suggesting that SI began to take place. When plotted against 435 
GDP per capita this process follows an Environmental Kuznets Curve, suggesting better 436 
environmental protection with greater prosperity. Despite an increase in land sparing, 437 
farmland biodiversity has not experienced any recovery making it the major negative trade-off 438 
in current SI practices. Additionally, reduced agricultural self-sufficiency indicates some 439 
agricultural impacts may have been ‘offshored’ abroad. These two outcomes undermine 440 
attempts to achieve future English and global SI and indicate that English agroecosystems 441 
have not yet reached a safe or just operating space. Similar patterns are observed in both 442 
arable-dominated Eastern England and pastoral-dominated South-Western England, although 443 
the impact of intensification was stronger in arable Eastern England. A simple system 444 
dynamics model of the English agroecosystem recreates the basic trends of several ecosystem 445 
services between 1980 and 2013 when assuming an increase in SI. The impacts of uncertain 446 
levels of subsidies post-Brexit and increasing climatic impacts were explored in future 447 
scenarios. These show that: maintaining or increasing yields and livestock populations while 448 
also restoring biodiversity; maintaining the environmental gains achieved since the 1990s; and 449 
improving the financial viability of farming, will all prove challenging. Further SI featuring 450 
novel policies and approaches to tackle current trade-offs – including reforms to subsidies and 451 
19 
agri-environment schemes focusing on restoring biodiversity and reducing degradation 452 
offshoring – is required to meet these challenges, but the extent to which further 453 
intensification can also continue to become more sustainable remains uncertain. 454 
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Figures and Tables 701 
 702 
Figure 1: Z-score plot illustrating the evolution of the English agroecosystem as 703 
reflected by indices of: a) provisioning ecosystem services, b) regulating/cultural ecosystem 704 
services, and c) socioeconomic parameters. Climate data and regional variations are illustrated 705 
in Supplementary Figures S1-3, S7, S11, & S15. See text for detail. 706 
28 
 707 
Figure 2: Phase plots of provisioning services (top) and the environmental degradation 708 
index (bottom) in England and the sub-regions of Eastern and South-Western England versus 709 
UK GDP per capita per annum. 710 
29 
 711 
Figure 3: Phase plot of the Z-scores for wheat yield (UK) and fertiliser usage (total for 712 
England and Wales) between 1965 and 2013.   713 
30 
 714 
Figure 4: Simple system dynamics model for the English agroecosystem, with 715 
simulation drivers/results for 1980-2013 shown in each variable box (italics for imposed 716 
drivers). Scenarios include: a) with (blue lines) and b) without (red) SI. Arrow thickness 717 
indicates correlation strength, dotted arrows show drivers of the Environmental Degradation 718 
Index, the dashed arrow shows the hypothesised effect of Sustainable Intensification), arrow 719 
symbols indicate correlation type (positive [+], negative [-], or variable [x]), and box colours 720 
match the colours used in the Z-score plots (Figure 1; thick-lined boxes match thicker Z-score 721 
lines). Created using Vensim PLE (Ventana Systems Inc., 2015).  722 
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 723 
Figure 5: Extended simple system dynamics model for the English agroecosystem, with 724 
simulation drivers/results for 1980-2050 in different scenarios. Scenarios include: a) 725 
‘Continual SI’ (blue lines), b) ‘No Further SI’ (black), c) ‘Biodiverse SI’ (grey), d) ‘Maximise 726 
Yield’ (green), and e) ‘Livestock Intensification’ (red). Arrow and box weights and symbols 727 
are as in Figure 4, except red text which indicates variables not included in the 1980-2013 728 
model. Created using Vensim PLE (Ventana Systems Inc., 2015).  729 
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Table 1: Study datasets, including description, data type, data coverage, time period, 730 
and data source. 731 
Code Metric Description Index Type Coverage Time Source 
Yl Yield          
(food 
provisioning) 
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1Hydrological Region stations: Anglian: Bedford Ouse; SW: Exe (plus Tamar for England average); SE: Medway 732 
33 
& Thames; Midlands: Severn & Trent; NE: Aire, Don, Tees, & Tyne; NW: Dee, Mersey, & Ribble 733 
2This data is provided through www.VisionofBritain.org.uk and uses statistical material which is copyright of the 734 
Great Britain Historical GIS Project, Humphrey Southall and the University of Portsmouth 735 
3Crown copyright 2017. Adapted from data from the Department for Environment, Food and Rural Affairs under 736 
the Open Government Licence v.3.0 (http://www.nationalarchives.gov.uk/doc/open-government-737 
licence/version/3/). 738 
4Crown copyright 2017. Adapted from data from the Office for National Statistics licensed under the Open 739 
Government Licence v.3.0 (http://www.nationalarchives.gov.uk/doc/open-government-licence/version/3/). 740 
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Table 2: Correlated variables from our correlation analysis hypothesised to represent 741 
causal relationships (or only possibly linked in italics) in the English agroecosystem and used 742 
to build the conceptual models. Correlation significance (p-value) is given as *** for p<0.001, 743 
** for p<0.01, * for p<0.05, - for p<0.1, and N/A for p>0.1. 744 
Variable 1 Variable 2 Correlation Hypothesised driver 
Farmland 
Biodiversity 
Wheat Yield -0.72 
*** 
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Very Strong Positive 
(False / Indirect) 
Production incentivised by 
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*** 








Initially positive, but decouples 
with SI to become net negative 








Farm Income -0.12 
N/A 
Very Weak Negative 
[Insignificant] (False?) 















N/A N/A Hypothetical positive impact of 
subsidies on SI 
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1. Climate Metrics 
 
Figure S1: Climate metrics (mean annual temperature and annual rainfall) for England between 1950 and 
2013 (Met Office, 2015). Mean Annual Temperature (unsmoothed) and Annual Rainfall (unsmoothed) are used 
for the England agroecosystem DCA, PCA, and correlation analyses as Climate-Temperature (Ct) and Climate-
Rainfall (Cr) respectively. 
 
Figure S2: Climate metrics (mean annual temperature over the region and at Rothamsted, annual rainfall, 
and reconstructed riverflow of the River Great Ouse at Ely) for Eastern England between 1950 and 2013 (Jones 
et al., 2004; Met Office, 2015; Scott, 2014). Mean Annual Temperature (unsmoothed) and Annual Rainfall 
(unsmoothed) are used for the Eastern England agroecosystem DCA, PCA, and correlation analyses as Climate-
Temperature (Ct) and Climate-Rainfall (Cr) respectively.
 
Figure S3: Climate metrics (mean annual temperature over the region, annual rainfall, and reconstructed 
riverflow of the River Exe) for Eastern England between 1950 and 2013 (Jones et al., 2004; Met Office, 2015). 
Mean Annual Temperature (unsmoothed) and Annual Rainfall (unsmoothed) are used for the South-Western 
England DCA, PCA, and correlation analyses as Climate-Temperature (Ct) and Climate-Rainfall (Cr) 
respectively.  
2. Agricultural Area, Yield, and Self-Sufficiency 
Figure S4: Phase plot showing the relationship between wheat yield (reflecting provisioning ecosystem 
services) and environmental degradation (reflecting regulating and cultural ecosystem services) through time. 
Wheat yield increases along with EDI until the mid-90s, after which yield remains high while EDI begins to fall. 
This illustrates the shift from ‘green revolution’ intensification to sustainable intensification. 
  
 
Figure S5: Changes in English agricultural land use between 1950 and 2013 (DEFRA, 2014). Total 
agricultural area has gradually fallen throughout this time (dominated by reduced rough grazing and mirrored by 
gradual reforestation (Smith and Gilbert, 2001)), wheat has become the dominant cereal by acreage, oil seed 
rape and maize have become major crops, and many minor crops (e.g. potatoes, sugar beet, horticultural crops) 
have declined. This suggests that ‘land sparing’ has predominantly affected rough grazing, and that arable areas 
have become more focused on wheat.  
 
Figure S6: UK food self-sufficiency (i.e. food production to supply ratio, merged series) over time for 
both all food and indigenous type food (DEFRA, 2016). Self-sufficiency increased by nearly 20% during the 
agricultural intensification of the late 1970s and early 1980s, but has fallen since the mid-1990s during the time 
SI began to emerge in the England agroecosystem.  
3. All-England Data Analysis 
Figure S7: Z-score plot illustrating the socioeconomic parameters of the all-England, Eastern England, 
and South-Western England agroecosystems, with regional data shown where available. The population and 
agricultural labour headcount curves illustrates the declining proportion of agricultural employment in England 
and the regions of Eastern and South-Western England, while the food price indices, farm subsidies, and farm 
income illustrate the economic changes affecting agriculture across the UK in this time.  
 
Figure S8: Biplot of the Principal Component Analysis (PCA) of the 17 key biophysical and 
socioeconomic variables of the England agroecosystem. Principal Component 1 (PC1) explains 54.1% of the 
data variance, while Principal Component 2 (PC2) explains a further 16.2%. Variables are labelled as in text, 
and the data-points represent sequential years (from 1980 to 2013, progressing from right to left with key years 
labelled).  
 
Figure S9: Biplot of the Detrended Correspondence Analysis (DCA) of the 17 key biophysical and 
socioeconomic variables of the England agroecosystem, using the same variables plotted and labelled in Figure 
S10. The first axis (DCA1) explains most of the data variance (eigenvalue = 0.2278, axis length = 1.5235) and 
mostly reflects the increase in intensification over time, while the second axis (DCA2) explains relatively little 
variance (eigenvalue = 0.03905, axis length = 0.81272). Variables are labelled as in text, and the data-points 
represent sequential years (from 1980 to 2013, progressing from left to right). 
  
 
Figure S10: Correlation matrix of biophysical and socioeconomic variables of the England agroecosystem. 
On the diagonal are univariate plots and kernel density plot (red line) of each variable, to the right of the 
diagonal are the pairwise pearson correlation coefficients of each variable pairing (number and font size) and the 
significance of this correlation (red stars), and to the left of the diagonal are the scatterplots and loess smoothing 
(red lines) for each variable pairing (standardised values, scales on axes). The red boxes indicate significant 
relationships we hypothesise to be causal rather than sharing a common driver or are coincidentally correlated 
(with dashed-red boxes indicating possible but uncertain causal relationships), from which we built data-driven 
models in Section 5.  
4. Eastern England Regional Data Analysis 
 
Figure S11: Z-score plot illustrating the impact of agricultural intensification on the biophysical 
parameters of the Eastern England agroecosystem. UK wheat yield (which is closely matched by Eastern 
England wheat yield where data is available (DEFRA, 2015, indicator B11)) is used as a proxy for key regional 
provisioning services, fertiliser and pesticide use is used as a proxy for agricultural inputs, and the 
Environmental Degradation Index is constructed from the mean of the proxies for regional riverine nutrient 
contamination (for the Anglian river basin district, includes Eastern England GOR), extrapolated soil erosion 
(reconstructed from the relative difference between suspended solids and biological oxygen demand in the River 
Great Ouse at Bedford), all-England farm biodiversity, and all-England atmospheric pollution between 1980 and 
2013. An overall Water Quality Index (the average of the Z scores for Nitrate, Orthophosphate, Ammoniacal 
Nitrogen, Biological Oxygen Demand (BOD), and Suspended Solids) is also plotted for the River Great Ouse at 
Bedford (Environment Agency, 2014). 
  
 
Figure S12: Biplot of the Principal Component Analysis (PCA) of the 17 key biophysical and 
socioeconomic variables of the Eastern England agroecosystem, using the same variables plotted and labelled in 
Figure S5. Principal Component 1 (PC1) explains 61.9% of the data variance, while Principal Component 2 
(PC2) explains a further 14.1%. Variables are labelled as in text, and the data-points represent sequential years 
(from 1980 to 2013, progressing from right to left with key years labelled).
 
Figure S13: Biplot of the Detrended Correspondence Analysis (DCA) of the 17 key biophysical and 
socioeconomic variables of the Eastern England agroecosystem, using the same variables plotted and labelled in 
Figure S5. The first axis (DCA1) explains most of the data variance (eigenvalue = 0.2314, axis length = 1.6309) 
and mostly reflects the increase in intensification over time, while the second axis (DCA2) explains relatively 
little variance (eigenvalue = 0.04545, axis length = 0.71522). Variables are labelled as in text, and the data-
points represent sequential years (from 1980 to 2013, progressing from left to right).
 
Figure S14: Correlation matrix of biophysical and socioeconomic variables of the Eastern England 
agroecosystem. On the diagonal are univariate plots and kernel density plot (red line) of each variable, to the 
right of the diagonal are the pairwise pearson correlation coefficients of each variable pairing (number and font 
size) and the significance of this correlation (red stars), and to the left of the diagonal are the scatterplots and 
loess smoothing (red lines) for each variable pairing (standardised values, scales on axes). The red boxes 
indicate significant relationships we hypothesise to be causal rather than sharing a common driver or are 
coincidentally correlated (with dashed-red boxes indicating possible but uncertain causal relationships), from 
which we built data-driven models in Section 5. For Livestock we use population rather than outputs in the 
regional analyses due to lack of regional livestock output data.  
5. South-Western England Regional Data Analysis 
 
Figure S15: Z score plot illustrating the impact of agricultural intensification on the biophysical 
parameters of the South-Western England agroecosystem. Livestock population is used as a proxy for key 
regional provisioning services, fertiliser use is used as a proxy for agricultural inputs, and the Environmental 
Degradation Index is constructed from the mean of the proxies for regional riverine nutrient contamination (for 
the SW England river basin district, covers majority of SW England GOR), extrapolated soil erosion 
(reconstructed from the relative difference between suspended solids and biological oxygen demand in the River 
Exe), all-England farm biodiversity, and all-England atmospheric emissions between 1980 and 2013. 
Sedimentation data from Llangorse Lake in nearby South Wales (Bennion and Appleby, 1999) and Old Mill 
Reservoir in Devon (Foster and Walling, 1994) are also provided as potential proxies of longer term soil erosion 
trends within a similar meteorological and agroecosystem zone, but these are limited to localised catchments. 
An overall Water Quality Index (the average of the Z scores for Nitrate, Orthophosphate, Ammoniacal Nitrogen, 




Figure S16: Biplot of the Principal Component Analysis (PCA) of the 17 key biophysical and 
socioeconomic variables of the South-Western England agroecosystem, using the same variables plotted and 
labelled in Figure S6. Principal Component 1 (PC1) explains 54.3% of the data variance, while Principal 
Component 2 (PC2) explains a further 15.9%. Variables are labelled as in text, and the data-points represent 
sequential years (from 1980 to 2013, progressing from right to left with key years labelled).  
 
Figure S17: Biplot of the Detrended Correspondence Analysis (DCA) of the 17 key biophysical and 
socioeconomic variables of the South-Western England agroecosystem, using the same variables plotted and 
labelled in Figure S6. The first axis (DCA1) explains most of the data variance (eigenvalue = 0.2073, axis 
length = 1.5358) and mostly reflects the increase in intensification over time, while the second axis (DCA2) 
explains relatively little variance (eigenvalue = 0.03211, axis length = 0.83177). Variables are labelled as in 
text, and the data-points represent sequential years (from 1980 to 2013, progressing from left to right). 
 
Figure S18: Correlation matrix of biophysical and socioeconomic variables of the South-Western England 
agroecosystem. On the diagonal are univariate plots and kernel density plot (red line) of each variable, to the 
right of the diagonal are the pairwise pearson correlation coefficients of each variable pairing (number and font 
size) and the significance of this correlation (red stars), and to the left of the diagonal are the scatterplots and 
loess smoothing (red lines) for each variable pairing (standardised values, scales on axes). The red boxes 
indicate significant relationships we hypothesise to be causal rather than sharing a common driver or are 
coincidentally correlated (with dashed-red boxes indicating possible but uncertain causal relationships), from 
which we built data-driven models in Section 5. For Livestock we use population rather than outputs in the 
regional analyses due to lack of regional livestock output data.  
6. Statistical Analysis – General R Commands 
Principal Component Analysis 
> PCA_data <- read.delim("C:/Users/User/…/Inputdata.txt") #import data from 
.txt file with Z score variables in columns with headers & no time column 
> PCA_results <- prcomp(PCA_data, center=TRUE, scale.=TRUE) #perform 
analysis 
> print(PCA_results) #display results 
> summary(PCA_results) #display results summary 
> biplot(PCA_results) #plot results 
Detrended Correspondence Analysis 
> install.packages("vegan") #install required package 
> PCA_Normaliseddata <- 
read.delim("C:/Users/User/…/Inputdata_Normalised.txt") #import data, 
requires data to be normalised 0 to 1 in each column 
> DCA_results <- decorana(PCA_Normaliseddata) #perform analysis 
> summary(DCA_results) #display results summary 
> plot(DCA_results) #plot results 
Correlation Analysis 
> install.packages("PerformanceAnalytics") #install required package 
> COR_results <- cor(PCA_data, use="all.obs", method="pearson") #perform 
analysis 
> COR_results #display results 
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